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Objective: The study of phytometabolites of medicinal plants and their phylogenetic distribution is an
important content of pharmacophylogeny. The objectives of this study were to provide an updated esti-
mate of the extent to which the medicinal plants were investigated phytochemically and relate this to the
species-level phylogeny and their geographical pattern.
Methods: Here, we further characterized 1 648 phytometabolites, including terpenoids, steroids, flavo-
noids, phenylpropanoids, phenolics, alkaloids, etc., reported in journals Chinese Traditional and Herbal
Drugs (Zhong Cao Yao) and Chinese Herbal Medicines (CHM) from the phylogenetic and spatial perspec-
tives. According to the structural characteristics, terpenoids, flavonoids, alkaloids and phenylpropanoids
were subdivided into subclasses, and the research effort of phytometabolites was for the first time delin-
eated at both subclass and phylogenetic levels.
Results: The phytometabolites of 90 families were reported on two journals in three years. It is noted that
terpenoids with diverse bioactivities still constitute the primary object of phytochemical research, fol-
lowed by flavonoids, phenolics, phenylpropanoids and alkaloids. Among the reported species, the family
Asteraceae had the most, followed by Lamiaceae, Fabaceae, and Ranunculaceae. In the phylogenetic dis-
tribution of the reported phytometabolites, the net relatedness index (NRI) results revealed a clustered
structure for triterpene, iridoid, flavone, flavonol, coumarin, indole alkaloid and terpenoid alkaloid, while
the nearest taxon index (NTI) metric identified the clustered structure for triterpene, sesquiterpene,
indole alkaloid and terpenoid alkaloid. Especially in Ranunculaceae, there were more reports on triter-
pene and terpenoid alkaloid subclasses. The overdispersion pattern of diterpene and phenolic was sug-
gested by NRI and NTI respectively, albeit more reported diterpenes and phenolics were in Lamiaceae.
The geographical distribution hotspots of reported species and compounds thereof highlighted the enor-
mous progress of herbal medicine research and industry, which play a positive role in the future drug dis-
covery and development.
Conclusion: These results provide new dimensions and perspectives in the context of pharmacophy-
logeny for perceiving and evaluating research trends and flashpoints in medicinal phytochemistry.
� 2024 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is anopen access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There are currently over 300 000 known plant species, which
might produce 200 000 to 1 million metabolites; the medicinal
potential of most phytometabolites remains a mystery. Although
the phytometabolites of medicinal plants have been widely exam-
ined by researchers, there is still an enormous chemical space
untapped. Numerous omics studies of medicinal plants were per-
formed to identify biosynthetic pathways of many species and pre-
liminarily establish the links between biosynthetic genes and
corresponding phytometabolites, as well as to understand the reg-
ulatory mechanisms of environmental stresses, which could
enhance the production of useful specialized metabolites. Based
on the big data obtained from omics studies, some medicinal
plants and their efficacies have been investigated in terms of their
phylogenetic distribution (Zaman et al., 2021; Hou et al., 2024).
However, what are the possible reasons for the differences in the
types of diseases treated by medicinal plants being unevenly dis-
tributed on the phylogenetic tree? Can certain patterns exist? Dif-
ferent medicinal taxa produce different combinations of various
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medicinal compounds, mainly specialized metabolites; what kind
of disease a certain medicinal plant can treat depends on the qual-
ity and quantity of the phytometabolites it produces. A few reports
about the uneven distribution of phytochemicals on the phyloge-
netic tree have been published (Defossez et al., 2021; Zhang, Lu,
Liu, & Tang, 2021; Zhang et al., 2021a), but much more details
about the evolutionary predictability of plant chemodiversity
remain unknown, and there is much space to explore.

Unearthing the intricate relationships and connectivity
between phylogeny of medicinal plants, their phytometabolites
and therapeutic efficacies can be facilitated by pharmacophy-
logeny studies (Hao & Xiao, 2020a, b), in which the study of
chemodiversity and versatility of bioactivities has always been a
focus. The last decade has witnessed a keen interest in constructing
the large phylogenetic tree (Hu et al., 2020), on which the phyto-
chemical landscape can be mapped, representing a high through-
put approach in dealing with large amount of omics information
from medicinal plants. Facilitated by the species level phylogeny,
it is clear which class/subclass of compounds are shared by which
plants, which is conducive to gaining deeper insights from the per-
spective of pharmacophylogeny. From the year 2021 to 2023,
scholars reported a total of 1 648 phytometabolites of angios-
perms, including terpenoids, steroids, flavonoids, phenyl-
propanoids, phenolics, alkaloids (Figs. 1 and 2) and other classes,
on journals Chinese Traditional and Herbal Drugs (Zhong Cao Yao
published in Chinese) and Chinese Herbal Medicines (CHM, pub-
lished in English). Many of them, e.g., turmerone G (Zhang et al.,
2023a; Zhang et al., 2023c; Zhang, Lei, Wang, Zhang, & Liu, 2023;
Zhang et al., 2023e,b; Zhang et al., 2023d; Zhang, Zhang, Li, Chen,
& Chen, 2023), aesculetin (Su et al., 2021), and tribulusimide D
(Liu et al., 2023c), are the newly discovered compounds in the
specific species/genus between 2021 and 2023, and some of them,
e.g., davidioterpene A (Qiu et al., 2023), dalbergipinnatamin A
(Wang, Gao, Chen, & Fu, 2023; Wang et al., 2023a), and 3,5-dihy
droxy-30-methoxyflavone-7-O-b-D-glucopyranoside (Wei et al.,
2023b), are the compounds with the promising pharmacological
effects or the most clinical value. Most reported phytometabolites
are from traditional Chinese medicine (TCM) species, illustrating
the efficiency of mining chemodiversity from biodiversity of TCM
plants. Some phytometabolites have been subjected to the initial
pharmacological tests to show their promise in research and indus-
try (Geng, Wang, Wang, & Xiao, 2021; Gong et al., 2022; He, Jiang,
Wang, & Li, 2023). These intriguing findings in 2021–2023 inspire
researchers in various fields to explore the secret of medicinal
plants, and also enable us to continually feel the magic charm of
herbal medicine compounds.

Based on the above understanding, we hypothesize that exam-
ining the phylogenetic and spatial distribution of medicinal plants
and phytometabolites therein could help better characterization
and contribute novel awareness about research activities of herbal
compounds. Therefore the objectives of this study were to provide
an updated estimate of the extent to which the medicinal plants
were investigated phytochemically and relate this to the species-
level phylogeny and their geographical pattern. Based on the
reported phytometabolites of two journals during 2021–2023, we
utilized a set of measures to show how research efforts on phy-
tometabolites with medicinal importance are focused.
2. Materials and methods

2.1. Phytometabolite database of reported medicinal plants

The phytometabolite database was firstly digitalized based on
phytochemical articles of journals Chinese Traditional and Herbal
Drugs (Zhong Cao Yao) and Chinese Herbal Medicines (CHM) during
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years 2021–2023 (Bi, Shen, Jiang, Xiao, & He, 2022; Chai et al.,
2021; Chen et al., 2023; Chen, Yang, Yang, & Yang, 2023; Chen,
Zou, & Chou, 2023), involving 302 species of 231 genera, 91 fami-
lies (Chen et al., 2021, 2022a). In terms of biosynthetic pathways,
all metabolites were classified into seven major categories, i.e., ter-
penes (Guo et al., 2021; Chen et al., 2022a; Ruan, Lu, Xing, Cui, &
Zhao, 2023), alkaloids (Sang et al., 2021; Pan et al., 2022; Li,
Fang, Yang, Fang, & Zhou, 2023), flavonoids (Liu, Li, Wang, Zhang,
& Liu, 2021; Liu et al., 2021a; Na et al., 2022; Wang, Gao, Chen, &
Fu, 2023; Wang et al., 2023a), phenolics (Li et al., 2021a; Shen
et al., 2023), phenylpropanoids (Wang, Gao, Chen, & Fu, 2023;
Wang et al., 2023b; Yang et al., 2021a), steroids (Li, Fang, Yang,
Fang, & Zhou, 2023; Li et al., 2021b; Li et al., 2023a; Zhang et al.,
2022a; Zhang & Lu, 2022), and others (Cui et al., 2021; Niu, Luo,
Lyu, & Lu, 2021; Yu et al., 2023); the first six classes were subdi-
vided into 35 subclasses (Table S1). The phytometabolite was
coded with binary characters: When it is present in a species, it
is 1; otherwise, it is 0.

2.2. Phylogenetic tree of medicinal species

The phylogenetic tree full_tree_461.tre (https://www.darwin-
tree.cn/resource/Nature2018/) includes most of China angiosperm
species (Hu et al., 2020), i.e. 29 620 species, which was expanded to
obtain a larger tree sp_tree_zws.tre, with 30 683 species. A total of
59 species included in our phytometabolite database but not in
sp_tree_zws.tre were inserted using phylo.maker function of V.Phy-
loMaker package in R 3.5.3 (https://www.r-project.org/), and an
expanded phylogenetic tree sp_tree_chm of 30 742 species was
obtained. The phylo.maker function of V.PhyloMaker (Jin & Qian,
2019) makes phylogenetic hypotheses under three scenarios (i.e.
scenarios 1–3); only scenario 3, adopted in this study, can match
the correct phylogenetic relationship based on the species list used
by V.PhyloMaker. The single subtree involving phytometabolites of
six major classes was extracted from sp_tree_chm.tre; the scien-
tific names of species were mainly based on Flora of China
(https://www.iplant.cn/frps; FOC). The R packages Picante and
Ape (https://cran.r-project.org/web/packages/ape/) were used to
generate the subtree. iTOL v6 (https://itol.embl.de/) was used to
draw and visualize the subtrees.

2.3. Statistics and calculation of phylogenetic distribution of
phytometabolites

Net relatedness index (NRI) measures the extent of deep level
(e.g., family/genus) clustering, while nearest taxon index (NTI) cal-
culates the extent of terminal (i.e. species level) lumping (Hao,
Zhang, He, & Xiao, 2022). NRI and NTI values were calculated using
functions ses.mpd and ses.mntd of Picante package, respectively.
The positive values of these two indices suggest the phylogenetic
clustering of reported phytometabolite subclass, while negative
values indicate that species with the same subclass of phy-
tometabolite are over-dispersed on the phylogenetic tree (Hao,
Lyu, Wang, & Xiao, 2023). The observed patterns of phytometabo-
lite distribution were compared with the expected ones to assess
whether the values of NRI and NTI were statistically significant
(P < 0.05). The strength of phylogenetic signal of 35 phytometabo-
lite classes was quantified using D statistic (Hao, Lyu, Wang, &
Xiao, 2023), which was implemented by the function phylo.d in
R package caper (https://CRAN.R-project.org/package=caper).
There was a strong phylogenetic signal when p(D < 1) < 0.05 and
p(D > 0) > 0.05. The phylogenetic diversity (PD) of species with
reported phytometabolites was evaluated by PD index, i.e., the
total branch length spanned by the phylogenetic tree of these spe-
cies (Omollo et al., 2024), which was implemented in the function
pd of Picante.
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Fig. 1. Examples of chemical structures of reported phytometabolites. One compound was taken from each of 31 subclasses as an example to display. A, Terpenoids 1–6 (Chen
et al., 2023; Chen, Yang, Yang, & Yang, 2023; Chen, Zou, & Chou, 2023; Qiu et al., 2023; Xu et al., 2021; Zhang et al., 2023a; Zhang et al., 2023c; Zhang, Lei, Wang, Zhang, & Liu,
2023; Zhang et al., 2023e,b; Zhang et al., 2023d; Zhang, Zhang, Li, Chen, & Chen, 2023; Zhou, Liu, Zhou, Chen, & Li, 2023; Zhou et al., 2021c). B, Flavonoids 7–16 (Jia, Wang, Jin,
Huang, & Hu, 2023; Li et al., 2021b; Liu, Li, Wang, Zhang, & Liu, 2021; Liu et al., 2021a; Wang, Gao, Chen, & Fu, 2023; Wang et al., 2023a; Wei et al., 2023b; Yan et al., 2022;
Yan, Zhang, & Liu, 2022; Zhang et al., 2022b; Zhang, Lei, Wang, Zhang, & Liu, 2023; Zhang, Lu, Liu, & Tang, 2021; Zhang et al., 2023a,e; Zhang & Lu, 2022; Zhang et al., 2021b;
Zhang, Zhang, Li, Chen, & Chen, 2023; Zhou, Liu, Zhou, Chen, & Li, 2023). C, Phenylpropanoids 17–19 (Huang et al., 2023; Su et al., 2021; Zhang, Lei, Wang, Zhang, & Liu, 2023;
Zhang et al., 2023e; Zhang, Zhang, Li, Chen, & Chen, 2023). D, Phenolics 20 (Wang, Gao, Chen, & Fu, 2023; Wang et al., 2023d). E, Steroid 21 (Jia, Liu, Huang, Li, & Qian, 2021). F,
Alkaloids 22–31 (Chen et al., 2023; Chen, Yang, Yang, & Yang, 2023; Chen, Zou, & Chou, 2023; Jin et al., 2021; Li et al., 2023d; Li, Fang, Yang, Fang, & Zhou, 2023; Li et al.,
2023b; Li et al., 2023a; Liu et al., 2023c; Liu, Li, Wang, Zhang, & Liu, 2021; Liu et al., 2021a; Qiu et al., 2021; Wang et al., 2023e; Wang, Gao, Chen, & Fu, 2023; Wang et al.,
2023f; Wang et al., 2021b; Zhang et al., 2023a; Zhang, Lei, Wang, Zhang, & Liu, 2023; Zhang, Zhang, Li, Chen, & Chen, 2023). The rarely reported subclasses benzoxazine
alkaloid, purine alkaloid, imidazole alkaloid, and macrospermine alkaloid are not shown.
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2.4. Provincial and county-level geographical distribution of reported
medicinal plants and their phytometabolites

The map of China [https://bzdt.ch.mnr.gov.cn/index.html;
review drawing number: GS (2019)1822] was utilized; the 753
182 county/district-level occurrence records of 2 305 China plant
species (Shan et al., 2022) involve 2 798 county level administra-
tive units, and the occurrence records of 152 out of 296 species
included in our phytometabolite database were retrieved. In order
to understand the county/district-level distribution of medicinal
species and their phytometabolites in 2 789 counties of China,
591
we conducted data mining of occurrence database by writing
Python scripts. Two data files, data1 and data2, were introduced.
The data1 contained two fields: species name, county name; data2
included species name and names of 35 subclasses. Through merg-
ing in terms of field species name, 152 medicinal species and their
phytometabolites in our phytometabolite database were matched
to the corresponding county. The number of species and com-
pounds of each county was counted. In order to figure out the dis-
tribution of medicinal plants and their phytometabolites in 34
provincial level administrative regions of China, we searched FOC
to record in which province(s) each of 296 species is distributed.

https://bzdt.ch.mnr.gov.cn/index.html


Fig. 2. Pie chart represents proportion of various compounds.

Fig. 3. Distribution of six major classes of reported phytometabolites on the phylogeneti
reported species of 57 medicinal families in this phylogenetic tree. From the inside to th
iridoid, tetraterpene. B, 272 reported flavonoid compounds. There are 100 reported specie
the outer circle are flavone, flavonol, flavanone, isoflavone, chalcone, flavan-3-ol, chrom
(221) and phenolic compounds (230). There are 151 reported species of 71 medicinal fa
phenolic, simple phenylpropanoid, steroid, lignan, coumarin. D, 162 reported alkaloid com
tree.
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3. Results and discussion

3.1. Phylogenetic distribution of reported medicinal species and
phytometabolites

Of reported 302 medicinal species of 91 major medicinal fami-
lies, 149 species were specifically investigated in terms of their ter-
penoids (643; Figs. 1, 2 and 3A), followed by 272 flavonoids of 100
species (Fig. 3B), 230 phenolics of 100 species (Fig. 3C), 221
phenylpropanoids of 68 species, 162 alkaloids of 43 species
(Fig. 3D) and 66 steroids of 39 species. These medicinal species
and their phylogenetically close taxa constitute a vast biologic/-
chemical space for bioprospecting (Tables 1 and S1).

A statistically significant clustered structure was suggested by
NRI values of > 0 and P < 0.05 for seven subclasses (Table 2), includ-
c tree of Chinese angiosperms. A, 643 reported terpenoid compounds. There are 149
e outside of the outer circle are triterpene, sesquiterpene, diterpene, monoterpene,
s of 44 medicinal families in this phylogenetic tree. From the inside to the outside of
one, xanthone, anthocyanidin, biflavone. C, Reported steroid (66), phenylpropanoid
milies in this phylogenetic tree. From the inside to the outside of the outer circle are
pounds. There are 43 reported species of 25 medicinal families in this phylogenetic
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ing triterpene (Ning, Jia, Wang, & Xu, 2022; Qiu et al., 2023; Yan
et al., 2023), iridoid (Long et al., 2021; Wang et al., 2022a; Zhang
et al., 2022b; Zhang & Lu, 2022), flavone (Jia, Liu, Huang, Li, &
Qian, 2021), flavonol (Luo et al., 2021), coumarin (Wang et al.,
2023c; Wu & Xuan, 2021; Zhou et al., 2021a), indole alkaloid
(Wu et al., 2023a) and terpenoid alkaloid (Wang et al., 2021a;
Han et al., 2022). Seven subclasses, i.e., diterpene (Bu et al., 2022;
Chen et al., 2022b), flavanone (Jia, Wang, Jin, Huang, & Hu, 2023;
Yuan, Huang, Xiao, Zhang, & Shen, 2021), isoflavone (Du et al.,
2021; Zha et al., 2021; Zhang, Lu, Liu, & Tang, 2021; Zhang et al.,
2021b), phenolic (Jiang et al., 2023), simple phenylpropanoid
(Fang, Fang, & Wang, 2021; Li et al., 2021c; Zhao, Su, Qin, Chang,
& Gao, 2022), organic amine alkaloid (Liang, Guo, Hu, & Li, 2023;
Liang et al., 2023; Qiu et al., 2021; Wang et al., 2021b) and piper-
idine alkaloid (Qiu et al., 2021; Zhang et al., 2023a; Zhang et al.,
2023c; Zhang, Lei, Wang, Zhang, & Liu, 2023; Zhang et al., 2023e,
b; Zhang et al., 2023d; Zhang, Zhang, Li, Chen, & Chen, 2023), were
of overdispersion (NRI < 0).

By NTI, the significantly clustered structure was suggested in
four subclasses (NTI > 0 and P < 0.05), including triterpene (Ma
et al., 2022; Yao, Xu, Gong, Zhou, & Luo, 2021; Zhao et al., 2021),
sesquiterpene (Li, Fang, Yang, Fang, & Zhou, 2023; Li et al.,
2023b; Liu et al., 2021b; Liu, Li, Wang, Zhang, & Liu, 2021; Xiao
et al., 2022a), indole alkaloid (Chen et al., 2022c; Yin et al., 2022)
and terpenoid alkaloid (Wang et al., 2021a; Han et al., 2022; Yan
et al., 2022), which imply that phylogenetically closer species often
have analogous subclasses. In Asteraceae, both NRI and NTI suggest
Table 1
Number of phytometabolites in top eight medicinal families.

Families Top four provinces in China with highest number of metabolites

Asteraceae Sichuan, Jiangsu, Jiangxi, Hunan
Lamiaceae Yunnan, Shannxi, Sichuan, Guangxi
Fabaceae Guangxi, Yunnan, Guangdong, Guizhou
Ranunculaceae Hubei, Shannxi, Sichuan, Hunan
Solanaceae Hebei, Liaoning, Yunnan, Gansu
Apiaceae Shannxi, Ningxia, Shandong, Hebei
Rutaceae Guangxi, Jiangxi, Gansu, Shannxi
Euphorbiaceae Fujian, Guangdong, Guangxi, Guizhou

Table 2
Phylogenetic clustering of reported phytometabolites of 90 medicinal families.

Phytometabolite subclasses NRI P value NTI

Triterpene 1.88 0.008* 1.98
Sesquiterpene 1.30 0.066 1.60
Diterpene �3.98 1 �0.439
Monoterpene 0.270 0.638 �0.602
Iridoid 1.09 0.03* 1.73
Flavone 1.84 0.005* 1.50
Flavonol 1.64 0.011* �0.159
Flavanone �0.990 0.855 0.374
Isoflavone �1.12 0.786 �0.545
Chalcone 0.657 0.155 0.400
Flavan-3-ol 0.196 0.584 �0.584
Chromone 0.504 0.21 1.51
Phenolic �0.094 0.546 �1.94
Simple phenylpropanoid �0.455 0.724 �0.758
Steroid 0.809 0.274 0.199
Lignan 0.344 0.526 0.131
Coumarin 1.58 0.002* 1.44
Organic amine alkaloid �1.31 0.877 �1.60
BIA 0.421 0.397 0.672
Pyrrolidine alkaloid 0.652 0.192 0.979
Indole alkaloid 0.994 0.041* 1.89
Terpenoid alkaloid 1.30 0.012* 2.39
Quinoline alkaloid 0.193 0.475 �0.282
Quinolizidine alkaloid 0.598 0.135 0.771
Piperidine alkaloid �0.105 0.924 �0.161

Note: *P < 0.05, statistically significant.
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triterpene (Liu et al., 2021b; Liu, Li, Wang, Zhang, & Liu, 2021; Liu
et al., 2021a; Xu et al., 2021) and steroid (Luo et al., 2021) were of
overdispersion, while in Fabaceae, six subclasses, including triter-
pene, flavone, flavonol, flavanone, chromone and phenolic, were
suggested by NRI and NTI to be of overdispersion (Ding et al.,
2023; Liang et al., 2021; Long et al., 2022; Tan et al., 2022; Wang
et al., 2022b; Yang, Lyu, Xu, Xu, & Zhang, 2022; Zhou et al.,
2021b) (Table S2). In Lamiaceae, NRI and NTI suggested the cluster-
ing of phenolic (He, Cao, Zeng, Chen, & Zhou, 2021) and diterpene
(Bu et al., 2022) respectively, whereas in Ranunculaceae, the clus-
tering of triterpene (Wang et al., 2022c; Xiao et al., 2022b; Zhang,
Lu, Liu, & Tang, 2021; Zhang et al., 2021b; Zhang et al., 2021a) and
terpenoid alkaloid (Wang et al., 2021a) was implicated.

Overall, values of D statistic suggest the non-stochastic distri-
bution of 12 reported classes of 90 families [p(D < 1) < 0.05]
(Table S2), such as sesquiterpene (Hu, Dao, & Zhao, 2021; Huang
et al., 2021a; Zhang et al., 2023a; Zhang, Lei, Wang, Zhang, & Liu,
2023; Zhang, Zhang, Li, Chen, & Chen, 2023), flavone (Huang
et al., 2021b) and benzyltetrahydroisoquinoline alkaloid (BIA)
(Chen et al., 2023; Chen, Yang, Yang, & Yang, 2023; Chen, Zou, &
Chou, 2023; Zhou et al., 2022). On the other hand, p(D > 0) <
0.05 in 13 classes, e.g., monoterpene, simple phenylpropanoid
and lignan, suggests that their distribution on the phylogeny was
not clumped as significantly as expected by the standard Brownian
model of evolution. The results of D statistic largely support those
of NRI/NTI and PD. When D statistic was used to investigate the
phylogenetic distribution of Asteraceae compounds, it was found
Terpenes Flavonoids Phenols Steroids Phenylpropanoids Alkaloids

18 15 12 3 9 1
15 12 8 5 2 1
6 13 4 2 3 3
6 1 2 2 2 7
2 3 2 2 1 3
5 3 1 0 2 1
4 2 5 1 2 4
6 2 3 1 5 0

P value D statistic p(D < 1) p(D > 0) PD

0.02* 0.679 0.002* 0* 4 754.0
0.04* 0.618 0* 0.001* 3 589.5
0.662 0.679 0.002* 0* 4 345.8
0.738 1.07 0.663 0* 1 700.4
0.07 0.033 0.022* 0.557 548.1
0.057 0.625 0* 0* 3 827.7
0.591 0.720 0.005* 0.001* 3 853.0
0.358 0.891 0.198 0* 2 377.6
0.709 0.451 0.001* 0.118 1 781.8
0.343 0.603 0.026* 0.114 1 181.7
0.733 1.15 0.777 0.004* 1 099.5
0.059 0.657 0.062 0.148 852.9
0.976 0.907 0.115 0* 7 512.8
0.772 1.01 0.552 0* 3 866.9
0.437 1.12 0.912 0* 3 425.0
0.462 0.870 0.122 0* 2 856.1
0.071 1.06 0.635 0* 1 290.5
0.936 0.541 0.005* 0.058 2 055.9
0.269 0.183 0* 0.362 1 349.6
0.16 0.610 0.017* 0.071 1 385.1
0.022* 0.708 0.061 0.058 950.8
0.011* �0.087 0.002* 0.602 650.4
0.625 1.06 0.544 0.071 752.8
0.206 0.700 0.149 0.21 691.3
0.942 0.786 0.302 0.313 526.6
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that sesquiterpene and diterpene were not randomly distributed
[p(D < 1) < 0.05], and their clustering was as strong as that
expected by Brownian model [p(D > 0) > 0.05] (Table S2). Triter-
pene and flavone were of overdispersion in Fabaceae, while triter-
pene and steroid were of overdispersion in Lamiaceae.
Correspondingly, the PD values of most phytometabolite sub-
classes, especially the high values of phenolic, triterpene and diter-
pene (Tables 2 and S1), suggest that they span a larger portion of
the overall tree, implying the enormous chemical space in the
unexplored taxa.

3.2. Provincial and county-level distribution of medicinal plants and
phytometabolites

In the FOC based analysis, the top ten families in terms of
reported species numbers were widely distributed in various pro-
vinces/autonomous regions. Sichuan possessed the most number
of reported medicinal species (68) (Fig. 4A, table available upon
request), followed by Shaanxi (65) and Guangxi (64). In most pro-
Fig. 4. A, Distribution of top 10 reported medicinal families in China provinces/autonomo
species in a certain plant family to total number of medicinal species. The eight major div
Southwest China; V, South China; VI, Inner Mongolia; VII, Northwest China; VIII, Qingh
autonomous regions. The sector area in pie chart represents proportion of a certain su
proportional to number of reported species or cumulative phytometabolite subclasses in
species vary between 0 and 77. D, Distribution of reported 35 phytometabolite subclass
representative compound within same species and phytometabolite subclass is counted
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vinces, the Asteraceae family had the highest number of reported
medicinal species, followed by Lamiaceae and Fabaceae. There
were also many phytochemical reports on Ranunculaceae and
Solanaceae families. One or several phytometabolites of each
medicinal species were reported (Figs. 1 and 3, Table S1), often
along with their pharmacological activities (Dong et al., 2023;
Dong, Jiang, Wan, & Li, 2023; Liu et al., 2023a; Xu et al., 2023a;
Zhang, Lei, Wang, Zhang, & Liu, 2023; Zhang et al., 2023b; Zhang,
Zhang, Li, Chen, & Chen, 2023). The top ten phytometabolite sub-
classes were widely distributed in all provinces/autonomous
regions (Fig. 4B, Table S3). The most numerous phytometabolites
were identified in Yunnan (249), followed by Guangxi (247) and
Sichuan (236). In most provincial administrative units, there were
highest number of phenolic compounds, followed by flavone and
triterpene (Dong et al., 2023; Dong, Jiang, Wan, & Li, 2023; Xue
et al., 2023); the reported sesquiterpene (Wang et al., 2023e;
Wang, Gao, Chen, & Fu, 2023; Wang et al., 2023b; Wang et al.,
2023f; Wang et al., 2023a; Wang et al., 2023c; Wang et al.,
2023d; Zhang et al., 2023c; Zhang, Lei, Wang, Zhang, & Liu, 2023;
us regions. The sector area in pie chart represents proportion of reported medicinal
isions of TCM production are: I, Northeast China; II, North China; III, East China; IV,

ai-Tibet Plateau. B, Distribution of top 10 phytometabolite subclasses in provinces/
bclass to total cumulative number of phytometabolite subclasses. The pie size is
each province. C, Distribution of reported species in China counties. The number of
es in China counties. The number of cumulative phytometabolite subclasses (i.e. a
as 1) is divided into six levels.
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Zhang, Zhang, Li, Chen, & Chen, 2023), flavonol (Wang et al., 2022b)
and diterpene (Ge et al., 2023) were also abundant in most
provinces.

In county/district level analysis, 35 phytometabolite subclasses
of 90 families were widely distributed in 2 789 county level admin-
istrative units, spanning all eight major terrestrial TCM production
areas (Fig. 4C and D). Gulou District, Nanjing City had the most
number of reported medicinal species (77; table available upon
request), followed by Xinning County, Hunan Province (76) and
Lin’an City, Hangzhou (76), Zhejiang Province. There were also
many medicinal species found in counties of provinces such as
Sichuan, Gansu, and Anhui, among others. The distribution pattern
of six major classes of reported phytometabolites was not signifi-
cantly different from that of species, and the counties of Gansu,
Zhejiang, Jiangsu and some other provinces had the highest num-
ber of reported compounds, which agree with distribution patterns
and industry planning of commonly used TCM plants in China
(Shan et al., 2022, 2023).

Some newly reported phytometabolites have been subjected to
the preliminary bioactivity investigations (Li et al., 2023d; Li, Fang,
Yang, Fang, & Zhou, 2023; Liang, Guo, Hu, & Li, 2023; Liang et al.,
2023; Liu et al., 2023b; Wei et al., 2023a; Zhao et al., 2023a), and
their interesting poly-pharmacological properties, such as anti-
tumor (Wei et al., 2023b), anti-oxidant (Liu et al., 2023c; Yang
et al., 2023a; Yang, Zhang, Han, Yang, & Wu, 2023), anti-
inflammatory (Yang et al., 2023b; Yang, Zhang, Han, Yang, & Wu,
2023; Zhao et al., 2023b), cytotoxic (Kong et al., 2023; Nie et al.,
2023), gastroprotective (Chang et al., 2023), tyrosinase inhibitory
(Si, Wang, He, Yang, & Huang, 2023), osteoclast inhibitory (Xu
et al., 2023b), anti-adipogenic (Yang et al., 2023b; Yang et al.,
2023c; Yang et al., 2023a; Yang, Zhang, Han, Yang, & Wu, 2023)
and cytoprotective (Dang et al., 2023), warrant further studies.
However, the medicinal utility of many more reported compounds
is not yet known, such as many of terpene (Cui et al., 2023; Qin,
Wu, Yang, Xu, & Hu, 2023), flavonoid (Wu et al., 2023b), alkaloid,
phenolic, steroid, phenylpropanoid (Di et al., 2023) and others
(Hu et al., 2023; Liu et al., 2023b). With the reference of pharmaco-
phylogeny (Hao & Xiao, 2020a, b), the studies of their pharmaco-
logical activities can be more targeted
4. Conclusion

This study inspires and guides researchers, industry insiders in
the TCM industry and decision-makers towards a broader herbal
landscape. New perspectives in the phylogenetic and spatial distri-
butions of medicinal species and their reported phytometabolites
help solve the uncertainty of plant diversity preservation and bio-
prospecting. The specific patterns of exploring and utilizing botanic
resources by the contemporary researchers revealed in the evolu-
tionary and geographic framework could improve our understand-
ing of the intricate relationship between human medicinal culture
and ecosystem from the past to the future. Only a limited region of
the phytochemical space has been studied (Hou et al., 2024), and
focusing on only the primary classification of compounds (Zhang,
Lu, Liu, & Tang, 2021; Zhang et al., 2021a) is far from enough.
Therefore, this study goes deep into the secondary classification
of compounds and sees the feasibility of delving into the tertiary
classification of compounds in the future. Some minor subclasses
in both southern and northern China have long been less studied,
and their importance in sustainable conservation and utilization
of medicinal plant diversity is spotlighted here. The continuous
accumulation of research data and discoveries in phytochemical
space will enrich the conceptual framework of pharmacophy-
logeny and enhance the foundation of pharmacophylogenomics
to better serve humanity and the planet.
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